ardiac resynchronization therapy (CRT) with biventricular pacing has emerged as a new approach for treating patients with heart failure and significant ventricular conduction delay and/or dyssynchrony. 1-3 CRT improves left ventricular systolic and diastolic function 4 and clinical status 5 and reduces functional mitral regurgitation (MR). 6 Whether CRT significantly affects exercise-induced changes in MR has never been investigated. This study examined the effects of CRT on MR and assessed the determinants of exercise-induced changes in MR under biventricular pacing.
C
ardiac resynchronization therapy (CRT) with biventricular pacing has emerged as a new approach for treating patients with heart failure and significant ventricular conduction delay and/or dyssynchrony. [1] [2] [3] CRT improves left ventricular systolic and diastolic function 4 and clinical status 5 and reduces functional mitral regurgitation (MR). 6 Whether CRT significantly affects exercise-induced changes in MR has never been investigated. This study examined the effects of CRT on MR and assessed the determinants of exercise-induced changes in MR under biventricular pacing.
• • • This prospective study included 27 consecutive patients with heart failure who were clinically helped by biventricular pacing. Before CRT implantation, all were in New York Heart Association class III and had left ventricular ejection fractions Յ35%, functional MR, were in sinus rhythm, had QRS duration Ն140 ms, and had interventricular delay (the time interval between aortic and pulmonary valve opening) Ն50 ms. All patients underwent quantitative exercise Doppler echocardiography with and without active CRT. The causes of heart failure were idiopathic dilated cardiomyopathy in 9 patients and ischemic heart disease in 18. The protocol was approved by the human ethical committee of our university hospital, and all patients gave informed consent.
A symptom-limited graded bicycle exercise test was performed in a semisupine position on a tilting exercise table. After an initial workload of 25 W maintained for 2 minutes, the workload was increased every 2 minutes by 25 W. Blood pressure and 12-lead electrocardiograms were recorded every 2 minutes. Two-dimensional and Doppler echocardiographic recordings were available throughout the test.
Baseline and exercise echocardiographic studies were performed 45 Ϯ 16 days after implantation of the CRT system using the phased-array Acuson Sequoia (Siemens AG, Munich, Germany) or VIVID 7 (GE Healthcare, Little Chalfont, United Kingdom) imaging device. In 17 patients, after data acquisition during active CRT (CRT on), pacing was interrupted during 30 minutes before data acquisition during intrinsic conduction (CRT off). In the other 10 patients, data were first acquired with CRT off. All echocardiographic and Doppler recordings were obtained in digital format and stored on optical discs for off-line analysis. For each measurement, Ն3 cardiac cycles were averaged. The quantitation of MR was performed by the quantitative Doppler method using mitral and aortic stroke volumes and the proximal isovelocity surface area method, as previously described. 7, 8 The results of these 2 methods were averaged, allowing the calculation of regurgitant volume and the effective regurgitant orifice (ERO). Left ventricular end-diastolic and end-systolic volumes and ejection fractions were measured by the bi-apical Simpson disk method. The left ventricular dP/dt was estimated from the steepest increasing segment of the continuous-wave Doppler regurgitant jet, as previously described. 9 Valvular tenting area was obtained from the parasternal long-axis view at mid-systole and measured the area enclosed between the annular plane and the mitral leaflets. 10, 11 All patients received biventricular pacing devices for CRT, with a right ventricular apical lead and left ventricular pacing electrodes positioned through the coronary sinus in a left ventricular epicardial vein. This coronary sinus lead was placed in a lateral position in 21 patients (77%), in a posterior position in 4 patients, and in an anterior position in 2 patients. The device was programmed in DDD mode with a fixed atrioventricular delay.
Data are expressed as means Ϯ 1 SD. Paired data were analyzed with Wilcoxon's signed-rank test (STA-TISTICA, version 5, StatSoft, Inc., Tulsa, Oklahoma). A p value of Ͻ0.05 was considered significant. Linear regression analysis was applied to calculate the correlations between ERO at rest and at exercise and the percentage of increase in left ventricular dP/dt and changes in mitral valvular deformation. The reproducibility of echocardiographic measurements has been previously published. 7, 11 No patient included was pacing dependent. At the time of echocardiography, all patients were in sinus rhythm and had, by definition, an improvement of Ն1 New York Heart Association class. The QRS duration decreased from 160 Ϯ 15 ms at baseline to 139 Ϯ 22 ms (p Ͻ0.001) under biventricular pacing.
CRT-induced changes in echocardiographic parameters are listed in Table 1 . During biventricular pacing, heart rate did not change, left ventricular end-diastolic and end-systolic volumes decreased (p Ͻ0.01), left ventricular systolic function as estimated by left ventricular dP/dt and ejection fraction improved, and transtricuspid pressure gradient and the severity of MR decreased. ERO decreased in all patients (p ϭ 0.00001). CRT-induced changes in ERO were correlated with the percentage of increase in left ventricular dP/dt (r ϭ Ϫ0.72, p ϭ 0.00003). With CRT on, functional MR was correlated with the mitral systolic tenting area (r ϭ 0.65, p ϭ 0.0002), whereas the correlation was not significant with CRT off (r ϭ 0.37, p ϭ NS). Left ventricular dP/dt was not related to tenting area in any mode.
CRT-induced changes in echocardiographic parameters during exercise are listed in Table 2 . Exercise duration was greater with CRT on. During testing, heart rate increases from at rest to peak exercise were not affected by CRT. Compared with CRT off, changes in left ventricular end-diastolic and end-systolic volumes and ejection fraction observed at rest with CRT on were maintained at exercise (CRT off vs CRT on, p Ͻ0.05). During exercise and in the 2 pacing conditions, left ventricular end-diastolic volume remained unchanged, whereas endsystolic volume decreased (p Ͻ0.001) and ejection fraction increased (p Ͻ0.0001). Although the transtricuspid pressure gradient increased in the 2 modes during exercise, the increment was less with CRT on (p ϭ 0.0001).
During exercise, ERO increased in all patients with CRT off from 22 Ϯ 10 (range 11 to 44) to 37 Ϯ 12 mm 2 (range 16 to 66; p Ͻ0.001). With CRT on, ERO increased in 25 patients from 12 Ϯ 7 mm 2 at rest (range 2 to 24) to 20 Ϯ 8 mm 2 during exercise (range 8 to 33; p ϭ 0.0015) and decreased in the 2 remaining patients. The increase in ERO was less during CRT on (p ϭ 0.00002; Figure 1 ). During exercise, left ventricular dP/dt increased in all patients, whatever the pacing mode. With CRT off, exercise-induced changes in ERO were strongly related to the percentage of increase in left ventricular dP/dt (r ϭ Ϫ0.79, p Ͻ0.00001) (Figure 2 ), whereas no correlation was observed with CRT on (r ϭ 0.23, p ϭ NS; Figure 2 ). In contrast, exercise-induced changes in ERO were strongly related to changes in systolic tenting area with CRT on (r ϭ 0.73, p ϭ 0.0009) but not during CRT off (r ϭ 0.12, p ϭ NS; Figure 3 ). Figure 4 shows an example of the effects of CRT on MR at rest and during exercise.
•
The present study is the first to quantitatively assess the effects of CRT on MR during exercise. Biventricular pacing significantly reduces MR severity at rest and during exercise and its dynamic component, corresponding to exercise-induced changes in MR. At rest, the reduction of MR is mediated by an appropriate increase in left ventricular dP/dt, which facilitates effective mitral valve closure. The determinants of dynamic MR are different in synchronized versus nonsynchronized left ventricles. In synchronized left ventricles, exercise-induced increases in MR are related to changes in mitral valvular deformation, as estimated by the systolic tenting area. In nonsynchronized left ventricles, exercise-induced increases in MR are more specifically determined by inadequate increases in mitral closing force, as estimated by left ventricular dP/dt.
In this study, CRT reduced the degree of dynamic MR in all patients. At exercise, an increase in ERO by Ն13 mm 2 was observed in 14 patients with CRT off but in only 4 patients with CRT on. Changes in ERO were related to the percentage of increase in left ventricular dP/dt during exercise with CRT off but not with CRT on. Thus, in nonsynchronized patients, exercise-induced changes in mitral closing force represent the major determinant of exercise-induced changes in MR. The CRT-induced improvement of left ventricular synchronicity is probably maintained during exercise and might explain why there was no relation between residual exercise-induced changes in MR and increases in left ventricular dP/dt. Thus, in synchronized patients, residual dynamic MR is mainly determined by an increase in tethering forces induced by changes in mitral valvular deformation. O rganic nitrates were the first oral vasodilatory agents to be evaluated for the treatment of patients with chronic congestive heart failure (CHF). 1, 2 Early studies demonstrated beneficial hemodynamic effects, 3,4 reduction of symptoms, better exercise tolerance, 1,2 and, in combination with hydralazine, a superior effect on survival compared with placebo. 2 Despite these data and because of a lack of larger scale studies, the use of nitrates for the treatment of patients with CHF has not been approved by the United States Food and Drug Administration. Despite this lack of approval, information from recent clinical trials have consistently suggested the widespread use of nitrates in the treatment of patients with CHF. [3] [4] [5] The purpose of the present study was to evaluate the attitudes of physician members of the Heart Failure Society of America regarding the use of nitrates in the management of chronic CHF in the United States.
Survey of the Use of Organic

• • •
We obtained information about the use of nitrates in chronic CHF in the United States by sending questionnaires to 1,348 members of the Heart Failure Society of America with addresses in the United States. Responses were collected over the next 3 months (from March to May 2001). A database was created using Excel software (Microsoft Corporation, Redmond, Washington). Data were analyzed using Excel applications. The results were expressed as percentages of total responses. Responses were received from 308 members, of whom 91% indicated that they were using nitrates for the treatment of patients with CHF ( Figure 1 ). Most respondents reported using nitrates to treat patients with CHF with ischemic and nonischemic causes (90% and 81%, respectively), although more respondents indicated the use of nitrates in Ն50% of their patients with ischemic compared with nonischemic causes (43% vs 25%; Figure 2 ). Nitrates were used more often in patients with moderate to severe symptoms (New York Heart Association [NYHA] classes III and IV) compared with those with either no or only mild symptoms (NYHA classes I and II) (Figure 3 ). Ninety-six percent of respondents reported using nitrates for the reduction of symptoms, 74% for hemodynamic improvement, and 65% for improved exercise tolerance. Only 14% reported the use of nitrates for reverse remodeling of the left ventricle (Figure 4) .
